aba 
aia ry 


Gx AIBRIS 
UNINEASLCACIS 
ADRERTALNSIS 


Digitized by the Internet Archive 
In 2023 with funding from 
University of Alberta Library 


https://archive.org/details/Budhiman1983 


THE UNIVERSITY OF ALBERTA 


RELEASE FORM 


NAME OF AUTHOR Artono Budhiman 

TITLE OF THESIS Examination of Fatigue Precracking and 
Fracture Toughness Testing 

DEGREE FOR WHICH THESIS WAS PRESENTED Master of Science 

YEAR THIS DEGREE GRANTED Fal 1963 

Permission is hereby granted to THE 
UNIVERSITY OF ALBERTA LIBRARY to reproduce 
Single copies of this thesis and to lend or 
sell such copies for private, scholarly or 
Scientific research purposes only. 

The author reserves other publication 
rights, and neither the thesis nor extensive 
extracts from it may be printed or otherwise 
reproduced without the author's written 


permission. 


: aa 
pan Uceeaas A amy et Te 


Bu tsar ee iw 31 


gafiei-a .'e 3u 76a . 


wee 
a 


' Fh-a0.; 
mar €5 pfifége fabri 3 ne lneeere’ 
; ; 


a-jdapes2<- GHRRET po eeess “RITES LOY. 
3q. are i Ce Le 7 aster altuais : 
f 1A? S44 se ue) aq 3 ey due tet - ‘ 


a al a 


aa a — 


THE UNIVERSITY OF ALBERTA 


Examination of Fatigue Precracking and Fracture Toughness 
Testing 
by 


f = \ 
ly )  Artono Budhiman 


AT EoihS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 


OF Master of Science 


Department of Mechanical Engineering 


Edmonton, Alberta 


inuraylhaks pchejes) 


th ay noiyen imeaae 


. 
7 


st . 


Sami 4 
WORMS S-UUN SA oeTe tw 6 yoI2A9 ANT IT GF nieie + 
Sheer et Oe eC ST Pets dated Me 


esaeic | e2¢9n 


pei eentge® yess puis) 


THE UNIVERSITY OF ALBERTA 


FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, and 
recommend to the Faculty of Graduate Studies and Research, 
for acceptance, a thesis entitled Examination of Fatigue 
Precracking and Fracture Toughness Testing submitted by 
Artono Budhiman in partial fulfilment of the requirements 


for the degree of Master of Science. 


v 
a * spoerazatr ar 


“in oe Sr ER MR 


7 2 bee. bee? 4ven quae hi wats: eo ier a7 eth oi - . 
canebhied 8na ini oe) Aes - i a une P| a | 7 ” ; 


Abstract 

The purpose of this investigation was to examine the 
restrictions given by standards on the use of maximum stress 
intensity factor (Kfmax) and the stress ratio (R) during 
fatigue: precracking) for the. preparation tof j@ tracture 
specimen. The relevant standards are ASTM E-399:81 and BS 
MAT 7 7 MEorY planevistraimne fracture: toughness: (Kic), ‘and BS 
5762:79 for the Crack Opening Displacement (6). The 
standards restrict Kfmax to avoid overestimation of 
toughness values resulting from large monotonic plastic zone 
suzezeiwhe (kKaratio iserestirnicted, ton, tor Mower Malthough 
the standards do not explain a reason for the restriction. 
Experimental results confirmed that this restriction 
maximizes crack propagation rate, a probable reason for the 
R restrictions 

By anvestigatimguithe erfect of Kimax and Rion Kg 
(provisional Kic value) and 6m (6 maximum) it was revealed 
that overestimation of Kq and 6m could be associated with 
crack blunting aS a result of either a large monotonic 
plastic zone size (r,) or a large reverse plastic zone size 
(ryo). It 18 widely accepted that high Kfmax creates large 
ry, where high stress intensity range (AK) creates large ryo. 
The results show that restricting R introduces an 
unnecessary constraint and maximizes the reverse plastic 
Zone size, thus possibly resulting in blunting of the crack. 

For the material used in this experiment (AISI 4140 


oy,=797MPa om=962MPa) the fracture test results show that in 
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order that the lower limit for Kq (=67MPayYm) be evaluated, 
Kfmax should be restricted to less than 0.42Kq. Similarly 
for Levalvacion ofelower valuesvof éme(=0;.025mm) pokimax 
Should have a value less than 0.380,YB. The ASTM E-399 
requires Kfmax<0.6Kq, the BS 5447 requires Kfmax<0.7Kq and 
the BS 5762 requires Kfmaxs0.630,/B, and hence none are 
sufficiently stringent to correctly evaluate the toughness 
value of the material used. 

Based on test results of specimens fatigue precracked 
atedviferent R-ratios it isi apparent that higher R» could 
produce a sharper fatigue crack. This therefore suggests 
that the R restriction is an unnecessary constraint, and 
perhaps should be given further consideration. 

Acoustic emission was monitored throughout the period 
of fatigue precracking. The purpose was to compare the 
amount of plastic deformation at the crack tip which was 
related to degree of crack blunting. The result showed that 
monitoring acouStic emission gives a method of warning for 
any possible damage on the fatigue crack during the fatigue 


precracking process. 


Fr 
dct iemdeo vt WS. kg woulte yavat tet 
“qeb-o whee bat ely hae <0 rian oder sulev a é 

fre Ae Higeaith aries SiG. SE: 2H prdn Decent tw. 
eta @ree ened ine soi a Heaunte @etivges cae 26 se 


seewigiet wiht. Staule#9 41429359 <2 sseparssniyhinekel® 
Saup tRidetam eas Jo 
oo Wie $297 (CO beast ) 


a 
= 
o 


betosisesg madi? aneelsste 1 
“Sings @ veteed wens snetegcs, ten adintese Ipeuetige g 


esesvoua @tadegeds 2107 joss aueil we) eq nena « sourkeag: 
base ded eraene dg pisatese iu na af Ad] ~.73oaee & ott sate 


,@ed4aei9eb pec: 4 ui nevie sv Bihione acodeay 


t= !asq ed? pA pHGIES fuco so DAY. erie Si SRuOIA 
Aas G2homeo be 26% seq: gi? i prtion thei sp aey tan 
sav AGrd aid fon38 sf a neriw is SE 1% avema 
sade bavota /lseer on -9' i doat> tu eezpee sesekst 
Fal pint iia To “seattinn .86le) no Vee Le ars THigSeGiwoe * «. 
arg! 5a) afd .gieEy ARS SUG. 56) sh  -*? nah, = dtmwsie ied 


1 ee, 


Acknowlegement 
The author wishes to extend his sincere appreciation to 
Dr D.G. Bellow and Dr D.R. Budney for supervising this 
Ehestssuherisc =qrateful toubr Feu. eVitovecetoreadvice 
received. 
He would also like to thank the Mechanical Engineering 
Department of the University of Alberta for providing the 


financial assistance which made his study possible. 


Table of Contents 


Chapter Page 
ee MAUI EAis OCIS TALC 0h 0) Maier emenr ne sscK2 Tal 5 Wien te Unio. Wi-aiiowa mo eae ene ube lb wie Sivan Toke 1 
he General Description of Fracture Mechanics Design 


CONC CIC mn trarys va ease ers bene re seueleneiehe tel sires serotsns She's ts covets obs lar aiteserens cd (ee 4 
CaM LOC UCL LO Murr cerarentre Veorsatc oreisuriemet cable useete thes tome wey oaow eso ote 4 
2 Cae Le TT Vaiel OUGMMES Streeters cies. tsetse dae ss lalcae Teh en enenes Site sete eae =) 
ob bteC eS OrmChac kmiakGesr la Sil CG. SLOMEn ance seual neners< le rerene 10 


2.4 Experimental Evaluation of Material Toughness ...13 
Zee We PlanesS train fe raGeune, TOUGHNESS... wesn.s 5 meee 13 
Z4n2trlane SUress Fracture TOUGNNESS Gar. vmclesce 14 


Standard Technique for Material Toughness 
EVichh Ua TAU O ive se. emia eb ore. octted cae Mode hie. 5 GOme: + core usta piamtetereits,(dicele 18 


Se PME POGUC TTC nH fata c-chtte core rte A POR VEE es Ct eB 18 
3.2 Specimen Preparation for Kiic and, COD Testing)... .20 
Sua stitter Standards) (ASTM R-399°81> BS 5447577) 7.20 
Sy 2AGODeStandard mB Gmo1 6269) Oyen rms eneenene ATG Aer Gee 22 
Se > CE EAC UU Be BLOG Sicmierc suc -ciewe saeete elieWeRetieda als wo et cles ferenane ee aS 28 


S03. Veh omy pact Unce lest Mm AoIM_PeOOem Reo G7) ees 


Osa: (OID) eevee WWechs on bbngogoe dno Wont 666 G05 25 
SiC MIpEa ene done 1 Gmiiey. eine Ueiles leis OCB Os Kaa 5s wees A or Oc 26 
G4 lit GECES POle KiMa xe Ole cle, IC otepetcketerenehereus seevsnars 26 
Races, (Nea ele Toke MG y< wel mele HOD RAD trey AG Hb Gy Om oC S32 


SBeG RPrectOnoR-LatLo (One these | Coandl CODE nrc teteisiS 
ROOUST IC BMlSS1-On. DETEG tl Olmert cant Tae ene Hees 35 
Aew lee TetVtareO GIG cul OllmerenasercceMeut cous caletecenawena teste vs MaRS ee Deemc tects OS 


4.2 Acoustic Emission Monitoring of Fatigue Crack 
GEO Wit liters reysrevorers troteiete enelecs Saw dhs SAW ot OO eR OOO aos) 


vii 


| i a. 
_ here"; + eit mien 
7 * ss Sa wry 
an a ; 


=_ 


mee BAS 
os 


abnretepnae a9 of 4" ay 
Bias: : wr leita Yo aclvasie= faine 
, ruatest! qfaci> ace vet 
Peri iwirs Beesee sinis £,8.¢ 


er... eo.4*4404 
- eo: 


Peer eee 
Teiys1@) 23% wupi iaeF ; o£) 


icreemeneanime oe oe ee *- nes tev 


Bl ale nale + 440-559 = ==" pigs ane qunp yaa i 
| entiest O68. brs civ cal cadreregat! ago? &.€ 
Oc. (PReENNd. SE: TOeBet-2 wees) ehrsheaze 25 '.8.¢ 


en eee ee (epiSas¢ 243 Gugpisic Goo 2 
4e27T atugeog7t Et 


OES gs 6 4 + 9's ee yee Fhe whee + tease 8 
Sc... (thee CR RARE Fen) test sxuteds 314 8.848 

| ee ee. ce «su? Sutesers 200 SE.8 

Whcs aba we. os ds ey is GPA 0 fant. to jps38a 4.€ 

BB cow on cucdn $cc SPR O02 A0 tenth i> 2290TdE [ek 

BEn. occa ese- uses, Cie wOP 92: Kemie! ia rustSA ESHE 

i See ere 10> bre oh i ana fic o! f65-8 3a Youbra 2.5 

Es dodn cdsen2s3 1 vekedesw. HO478Ie HolesieS. sIasosh = UP 
Bh canes cas cb ee eaaaelens taesectines-> SOTSRUBRSAE Fh ; 


apart: MaEPaes @6sine naieeteg st . 
Chr wnnnenien tamer = ghia elaeapai gs 


Fiv 


4.3 Acoustic Emission Monitoring of Crack Growth 


aniwnractwUheaimm Ola SG t= Gta iam OaC Il umes. sete erect > 42 

Be EXpenimentalmProCed US mica ts shes suave guys ie spe. Woven eu even ureasecers 43 
Sy eal DEO GLU th OTM incr. eeutette: ayn tas bh ew ey cube tnieuet ay ick ereeie or eon eee 43 

Sete TES Material ©, .a10 Pane cege neuer siatate oleh okes tanieuars ole Halo aiar ar 43 

Doe DEC UMeEa ele Daigat Olimar circieuers ou silenecs Sep eater cies eevee een) 45 
Dee bLOMe, BEC AC K UG. esters 5 ccunsiie ve Ae snei sceicwsre ch etene verse et erie eis 46 

Sy OP ACOUSUIC, Mini SS1OMe DeEbECTLOM 4.44075 6:0tc.ccereleielsieretene oles 47 

5.6 Crack Length MeaSurement ..... TRIO OO OO RO tO arc 49 

Die er Gi Get AC CALS Gun Mee Some eeee Rote ultieh che sic ioue chenete love tars oiaue eer sts 50 

SG Rac ture MNOUGMMIES S Behe S CMIlGs Mepenetecs: ciel ele eneiiatetenejens stoners 51 

Gr Experimental Results and DiseussioOn 2... er. Seem eter egetets 52 
Gal Patrgue. Precrac Melina seta suse etre ots sieve eteraels cole tece SZ 

Sunes WdnerstenmOva(e: UKetrs SAA a og ed 6 Oem OOo cad © stg od aaean 63 

Ps CONG 1 US 1 OTS Merwe ous 6.0 ssvagee vedere suspele fa olens’s. 6 oc ous, 6 5lleits Bee ctoeierereks 76 
Bibi Ora Oly cls scateretsce oreo esetsiers MMP wes aie: ch eves ecsvehe siete eaeluileye Facase' ois 79 


RPPENDIX® 1 —~eCrack Propagation MeaSUurement .. ss +1516 serene Oe 


APPENDIX 2 - Preloading of Specimen for Acoustic 
EAU See © Slama ee Vode onnvetetereleaei elect ele! clare le eee susie ce tede is fei ei sie 89 


APPEND UXeeS, 0- sDatamACGllas 1b lOlmasce tse iene cies assieue sper aera hens tines 91 


va 


ieee Oe 


Bic ccunes cere 
2-4" 


meee oe pe - 


weed wavdnage 
(eta beer ern hs ere 


re tonsa pe : 
i 


Mssed, -paemect ee 1 As 


BR Sie nioe re ndeeeerien eer ads oats prereyen rn) 
MP en hs geeiar iss pai z2ei- seatiene? ety 23a" a2 
MB in ganas ise ieee paigenceic hoe safueon ins bs a 
Cr ht Le ghasabesel? sicnset te 
ican cg reha ennah scab ant ah < *s tebak TAG? swotsods S28 
ee ea Pe en sooleetsass o¥ 
SOR, ve sicledlw ted hs d fase ony ieee eee Pe 
BEee sans: ov ode | Tabaemeeds? cslaseagay? 4oetae> 4 EPOMESTA 


sétexaod x0! tsa@leesx 20 coihbeolesa ‘S RITA 
Drcesencs-- 4K ry . ° oe oe sas. hariae - 


oe aces saa uta peeves ~~ waléialiooa e720G E 2 taues¢s 


Table 


List of Tables 


Page 
IndicationMot -cyclicasoftening by the 
ratio of the material ultimate to yield stress...... 30 
Rolling direction mechanical properties of 
PUL Oy A AOS LG Cileacciemaae fein eReat ys Cotees vette ors Seeeiel s Lecenerae Slo meaceleherec ts 44 
GhemrcadvanalyssswoteA LS ia4 4 Vs Vee ler tive tecevalerele acess 44 
Kq and CODm values obtained for different 
KEMax Gand: Renato. ware oiciels ciate ed ere eles) a Wien ese lteleue: 6 74-715 


ie 


cn) re *e 


Figure 


List of Figures 


Page 
Mode of fracture ; (a)opening, 
ROMS React i Oem Con Cote) Oi agers caeie cere tecauer acre fe reutems ce conch gs E 
Three dimensional crack tip and stress system........ 6 
TG eea Nor Tt Oe NOSES DMG lis mys mar n oeu au mencme el vrawom rer Mayr eee aes 8 
EEDectmor “thicknessponmmiractCUure, LOUGNMESS. .aa es sess. s 9 
Effect of temperature and loading speed on 
BEACEULEMEOUGNMC SG oRyewmareuate te «tens. chs «laste ain tatergesus ee GUe wae ee ) 
Brac huresmechani CS de Sh Onmcuny Shier. cnet ove da teewsyeeve) 6 eissers i 
Variation Of crack tip plastic zone 
PNGOUGhELhesehrchness Pore mwa Gime tis s < caves overs oie eos 0 761% 2 
PPASt rc Nh PNG Ete. eieonetereiers BP obs cotegecenecey crore pants Pomaeee Cher oe a 6 airs i. 
Typical load versus clip-gauge 
dmsplacenencecurves ;fOrmhVic ME CSL ili ee Wie cisrs eleleeieie eeu cs 25 
Typical load versus clip-gauge 
cdrsplacementsecubve Sator’ CODSEESii tui. waterete erste ee 6 6 lant 7a | 
Effect of Kimax on KomMGtypical 
EXDGEIMENtadtereSuULtSie. ee eit. bet sly Siemens 6s cis GS 28 
Acoustic emission waveform detected by 
transducers; (a)burst emission, 
Ub ye OMmtanuolswomsesS MOlirass tre os ee fiers ere Seer ereas teroneee tere ais 36 
Parameter for characterizing an acoustic 
EMUS'SPOM se V.eM ti sansts. cteeeeree st csaks le sis. oes sue eeueh chaenyee Mets eae) os 36 
Schematic representation of components in 
energy measuring device (ref: Harris and 
Bede ral Slee reene rs tecer aye yes tees SUSE a ramta tenet eisy aneusmecareveted el eran eens 38 
THEee po I Mite bDeNndIngmSpecl MeMedeS i Oita s cisccre «ieee acs 45 
Experimental set-up for monitoring fatigue 
Precrackinge parameters. sie ere SUos otek es suexeuet she mament ates teye eae 48 
Crack length measurement and acoustic 
emission monitoring fracture specimen 
indenmenreespolnveraltgGuemlOadINGes wictets cletts sss 6 co as0ere 49 


4 = : : 
a ar ee”! om oe Se 
7 £7 ‘ 


priser? A eeundaias ae sostts 


as Coan 2 oa 


ins Saat meee lest ner a atest 


ree tyr ee a 


syn Ao teed fsiedtiet st2sa7% 


+ PET Pree erwv@ He Ps em 


: set 9:326% G3 77 i io nedgetsev 
Bic <b ce toce Sovnvawse+ hl Omeed 20 reba nf ail? Apes? 


fu «nape GOs Slices 


TE cece sie ifeewan se aay e 4a ee seus e 
Spiss-Gal> tuegev “as Leak 
Jaa? 3) st wiV¥iw> Toesscerga tb 


Ye tay dacl Lecter 
pode ee ey bh 5 gheeeee vibe 205 oav 2252 iene veige ts 


uy 
- 
io 


. tesciet) Pe 40 veeta Ve paekee 
Me aca n sor ewan’ 4apen deb a elses) oe SRST {ssnehi'sagus 


(4 Becceseu wzcisvae Tolarioe 2eReeEA 
5 eweiweify 25089! -eVessoenaid 
Tr ee ee ee ee ee es eB 


q2geuosd Pa Cals: welcessea | ts? seeeeses 


ee eee eee ee _< ae ‘oe é 7 ,Tnseves sc :@e les 


‘ > fase ae i ic : a) 
Fos a SRR RTI IS SESS Lest qn neat _ 
Ba cera dyey chen netted ree +s sree! 23> ana ineg*aesa? t 


é 
a... 


“ 


7 


nf-enh i2c mei ¢btoaedage: sa jJemedor 
tea: 2£32: siez! 6a! Vee 37: 721e6e Tees. - 
BE, .«5% eee sade od tp eee «© > © ste ee , Peteg + Len 


MO aes Ses an* eg 184288) >s0 Looe ai Ofee valag~-ees4T 


eugi tht, giicpes inom = qu-:40c inshenh Sages 
ee LV Pde eee bee ees ss aS gaig; ee C4 .Ssetoste 


Siac griseus sovanpen 


Figure 


18 


iS 


20 


2 


Ze 


23 


24 


25 


26 


VI 


Page 
Number of fatigue cycles required to reach 
OQOW ccovrack#lentghgas ta giunctron sot aKimax 
SUPER seater cuarse anne eae the ei amee crewmen an attests ry Carta te carculs corse tenes sinclie Sites Leslee. 53 
Number of fatigue cycles required to reach 
OW Cracks lengunmascma CUntLOne Ol <AKi averse oc 54 
The crack propagation rate of AISI 4140 
UspeGi mene G07 mos ais OME at) irene ms woe vers wong ceuetntev ents eee ler ei 56 
Monitored value of R-ratio and Kfmax 
duming the -fatd que spree racking *% sm <<less Bre Via ere ee Sr 
Monitored value of total emission and 
Crack lengen GuUbing tie tati gue precracking.. 2.450. 58 
Number of acoustic emission counts 
DeLrcycle forvaneberingatmax. and. R-rotdO ase cues oe 60 
Typical load also total emission versus 
clip-gauge displacement of the fracture 
best; (a)NOupop-inss (pb) Popes OCCUPLEd «sneer. 61-62 
Betect of Kimax on Kqgeat (a) R=0.1, 
Gb) R073 NC) R=0ia5 vanced) R=0 7 l= 80. Dina. ete la scars 64-67 
Effect of Kfimax on CODm at (a)R=0.1, 
Coy R=On sane WR =O Gacaticen(d.) R= 0am) 90 Oli str ekenem ae nene ts fore 69-72 
Relationship of crack length to clip-gauge 
GUS DPLACEMEM Grete neice stove eteber tere cleo s si esik ee ole MiebeceneteTs eyene.ele 84 


Load versus displacement curves for 
different crack length of three-point bend specimen.85 


Measurement of crack length using 
crack-gauge TK-09-CPA01-005/S, Inter 


TECHNOLO Vad UMueO Sremcccetesevetaiel overs encase steuscensyarea cues ersuamanes er sts 87 
Comparison of crack length measurement 

Using (ay crack Gaudemancm b) Gli p= Gauges ere. erteve emt etcns 88 
Preloading fixture (ref: Dunegan et al, 1968)....... 89 


Photo-elastic stress pattern of 

single-edge-notch fracture toughness 

specimen: (a)Preloaded as suggested by 

Dunegan et al, 1968 (b)Loaded in tension 

(c)Overall view of the specimen loaded in tension...90 


X1 


BBe senses teh te ee 


dete fare ie aes. fais i 4a7 


Mlveyt.- +> ~:-vaeenegaesee=ss<!8 Sr CWts = nesta Haw of 


er ea fever toch 
senses nen ReRBOMFEINE osneaas @ae evisu 


pARsee ss) jot 79 satev Seue3secn 
sri: 16% ays pn ttyh <ieeed Sant> 


Wipe ie i 


a . pric asez 
_ wemic™ Gt lace ;2ha38 Ve seoek 
O6) 42s «a aide Bik seat dt Sarqetess 195 SeSge IES 
gue St joie | > bal? sete haci Lasig¢? 
gsugsnst od’ tc Tatfeciagn.® souaee§ | 
se-'c. sos -{ .<) ease Ke er J > HS “Sous soe 6! +3a33 
9 S341 4 aes ““) ¢ae- Le +e tS 
i ou" ‘ex Ve 7 - , mets i 
eliatapa’ al 28 “291 fic sgah 35 426313 
qt-©2).... se . Aa ae 4 Rios  - 0 a4 a) << oGetl dl 
—  & epieyp-alic 4: -9SeBe vnnd seco® 
: Ae re Vemartip- 6 _@ma- >- 9 e @ ve ina geeescic iD 


i® evteay bavd 


rt ey Sev ay: LAagrca Ils 
~*aqu7el2st 


ceed! sriby-aasn. Soot erst 


ape Ket 


esi Gwe G@mees fs te = 


=e = 


323 nomi 2o5t 
on Jeete ole t4pee2nmRRse 
(ELM AT-T any ee-AOC1s 


7 on 


Wasedisi«. 


a ic:pne: 4-930 to SOeteagnes 

RB seat iaweae al i Sig) Pre <plenp 2247044! pcre et 

BAL -.5.daaee fe saveegetwl :¢e0) esaters palbadiese 

Bo R=aiemr rie he eae 
omuafsest 


4 FoolnnineT - 


os > 


Si 


$¢ 


es 


ee 


3s 


Figure 


VE 


Block diagram for data acquisition system 
for fatique precracking Of fracture specimens 


meses 


oeeeveeete 


Nomenclature 


B Specimen thickness. 

COD (6) Crack Opening Displacement as defined by BS 
5/622 1979. 

D Distance measured from an acoustic emission 
source. 

E Modulus of elasticity. 

J A path independent integral as a measure of 


material toughness. 


vie Criticalevalue Of J M(ASTM H-8 137 198,1) 

K Stress intensity factor. (Ksivyin = Mpaym) 

Ke Plane stress fracture toughness. 

ae ee Stressmincenstiy eracvom ab mode: ill welt. 

K3 

Kic Plane strain fracture toughness (ASTM E-399:1981 


> BS 5447:1977). 
Kid Dynamic fracture toughness. 
Ke Stress intensity factor during fatigue 


precracking. 


Kfimax Maximum fatigue stress intensity factor. 
Kg Provisional value of Kic. 
Kgl Lower limit of Kq results from a 'perfectly' 


prepared fatigue crack. 


AK Stress intensity range (Kimax - Kfimin). 
N Number of acoustic events. 

Nr Number of ring down counts. 

Pmax Maximum applied load. 
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Pq 


R=curve 


Load corresponds to Kq. 

Load corresponds to 5% offset in Kic method. 
Stressuranio: (KEmin/Kimax sor Prin, emax): 
Resistance curve, a measure of plane stress 
fracture toughness as defined by ASTM 

ES5.Gers boiba, 

Clip gauge displacement. 

Clip gauge displacement at initiation and 
Gnrlicaleerack Growth, 

Clip gauge displacement at maximum and unstable 
Grack growin. 

Specimen width. 

Compliance function as detined by BS 57/62: 1979. 
Extension length for clip gauge mount. 
Grackelengtuh tad. critical crack length. 

A constant. 

Crack propagation rate. 

Number of acoustic events per fatigue cycle. 
Number of acoustic ring down counts per fatigue 
Cycle. 

A function defining a structure of certain 
geometry containing a crack at a certain 
orientation. 

ATCOnstant. 

Coefficient of plastic hinge. 


Polar coordinate. 
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Irwin plastic zome size (for both plane strain 
and plane stress). 

Plastic zone size at fatigue precracking and 
fracture test. 

Reversed plastic zone size. 

Proportionality value defined as Kfmax/Kql. 
Proportionality value defined as Kfmax/(o,yB). 
Critical and initiation Crack Opening 
Displacement. 

Unstable and maximum Crack Opening Displacement. 
2% yiela Strain. 

Experimentally determined constant for COD 
measurement. 

Design stress. 

Ultimate stress. 

Yield stress (2% proof stress). 

Yield stress at temperature of fatigue 


precracking and fracture test respectively. 
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1. Introduction 

The increased complexity of modern structures, the use 
of high strength materials, thick sections, welded joints 
and the severity of the service environment conditions has 
increased the need for incorporating fracture mechanics in 
design. Knowledge of fracture mechanics enables designers to 
specify the toughness value of a material so that under the 
conditions of service, the designed structure will not fail 
in the fracture mode. 

Material toughness can be described in terms of the 
Critical stress intensity factor under conditions of plane 
stress (Kc) or plane strain (Kic) for slow loading and 
linear elastic behaviour. For elastic-plastic behaviour the 
material toughness is measured in terms of parameters such 
as R-curve, J integral (Jic) and Crack Opening Displacement 
(COD): 

Standard techniques for Kic (ASTM E-399, BS 5447) and 
COD (BS 5762) measurement give guidelines and restrictions 
for preparation of test piece specimens. During fatigue 
precracking of the specimen, the standards place a 
restriction on the maximum stress intensity factor (Kfmax) 
derived from the maximum cyclic load level. In the standards 


for Kic testing, this restriction is expressed as 


KfmaxSa(o,;/oy2)Kq, 


where Kq is the provisional value of Kic. The yield stress 
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ratio o,,/oy2 is equal to one if the specimen is prepared 
and fractured at the same environmental temperature. The 
Value *Of =o 1S a srati1orol crack tio plastie zone Size-during 
fatigue precracking to plastic zone size at fracture. Based 
on experiments by Brown and Srawley (1970), the American 
Society for Testing and Materials (ASTM) E-399:1981 Standard 
for Kic stipulates that a=0.6 should be used. The British 
Standard BS 5447:1977 for Kic has a more relaxed value of 
a=0.7 aS a restriction. The value was based on experiments 
by May ©1970). 

The restriction for Kfmax was placed to avoid a 
possible over-estimation of Kic value as a result of a large 
plastic zone size ahead of the crack tip formed during 
fatigue precracking with a high Kfmax. 

In gehe British Standard yBSe5762: 197 S=foreCObetescing, 


the Kfmax restriction 1S expressed as 
Kimax se, eovy Se, 


where o, is the yield stress and B is the thickness of the 
specimen. The restriction is derived on the basis of 
assurance that the state of stress at the crack tip will 
remain plane during fatigue precracking of the specimen. The 
value of a,=0.63 was experimentally determined. 

These values for a and a, have often been considered to 
be too small for some materials such as 2014-T6 aluminum 


(Kautman,1977) and too high for others such as 3Ni, 1Cr,0.5Mo 
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(Clarke 979) 

A tLurther restriction. for all three standards 1S that 
the stress ratio (R) during fatigue precracking should be 
between 0 and 0.1 for BS:5447 and BS:5762 and should be 
between =1 and 0.1,f0r-ASTMeE-399. This R-ratno restriction 
maximizes the crack initiation and propagation speed. 

With a constant Kfmax, a higher value of R-ratio would 
be expected to produce a smaller crack tip reversed plastic 
zone size hence a sharper crack tip. This would then be 
closer to the simulated ideal plane crack that is assumed in 
the theoretical derivation of the stress intensity factor kK. 
Pee thiseis so, limieing® R=0.gdemay bead to-over-estimation of 
fracture toughness. 

In this report, two sets of tests were done to 
investigate the effect of high Kfmax on Kq and COD, and the 
eitectsot highwR-rationonskgeandsCOD-( Duringsiatigque 
precracking in the preparation of the toughness specimen, 
acoustic emission was continuously monitored so that the 
history of the crack tip plastic zone development could 
later be related to the subsequent toughness value Kq and/or 
COD. High Kfmax as well as low R-ratio values were expected 
to create a larger plastic zone hence greater accumulated 
acoustic emission counts. If this is the case, a continuous 
monitoring of the acoustic emission during fatigue 
precracking of the specimen may be useful in estimating an 


allowable Kfmax value and a more sensible R-ratio value. 
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2. General Description of Fracture Mechanics Design Concept 


Ze iw ineroduct ion 

Mechanical failure can be identified by its general 
categories, some common modes being: failure by elastic 
instability (buckling), failure by excessively large elastic 
deformation (jamming), failure by gross plastic deformation 
(yielding), failure by tensile instability (necking), 
failure by environmental corrosion, failure by fatigue and 
failure by fast fracture (cracking). 

Technological advances permitting increased working 
stresses and reduced safety factors have been achieved due 
to advancements in stress analysis techniques and the use of 
higher strength materials. However, the application of 
thicker sections, joining of components by welding, cyclic 
loads and severe environmental conditions reduce the 
capacity of materials to absorb local plastic strain without 
Brac ture: 

Fracture mechanics design concepts have been developed 
for failure by brittle fracture. The design concepts provide 
design engineers quantitative guidelines relating material 
toughness to the critical defect size and the design stress. 

Because of the existence of advanced stress analysis 
techniques including numerical methods, the stress levels in 
complex structures can now be determined. Some defects 
existing in structures can be detected using ultrasonic 


methods. The fracture mechanics concept uses information on 
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Stress levels and crack size or possible crack Size during 

the service life time of a structure, for the prediction of 
unstable crack growth. Provided that material toughness can 
be evaluated accurately, the problem of failure due to 


fracture can be minimized by design. 


2.2 Material Toughness 

Linear elastic fracture mechanics provides an 
analytical procedure that relates the stress magnitude in 
Ehemwirernuty Of fa icrackmtip to ihe Nominal ‘applied stress, 
Size, shape, and orientation of the crack-like 
discontinuity. The procedure has been established by first 
defining the three modes of relative displacement of two 
crack surfaces, namely the opening, shearing and tearing 
modes (Fig.1 a,b,c). These displacement modes represent the 
local deformation in an infinitesimal element containing a 
Crack front. in any pyoplem, the deformation at the ~erack tip 
can be treated aS one or a combination of these local 


displacement modes. 


(a)Mode I (b)Mode II (c)Mode III 


Figure 1 Mode of fracture ; (a)opening, 
(b)shearing, (c)tearing 
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By using a method that was developed by Westergaard 
(1939), Irwin (1957) found that the stress and displacement 
fields (Fag.2) ine@the vicinity of the crack tip subjected to 


the first mode of deformation (at plane strain) are given by 


G1, = (Ki/f2zr) cos (%) [ 1 - sin (%) sin (°%)] 

O22 = (K1/Yamr) cos (%) [ 1 + sin (%) sin (°%)] 

O12 = (K1/V2nr) sin (%) cos (%) cos (32%) 

Ge = Nv Oia 38) ey eC 4a e= OG) =) 10 (1) 
us = (K1/G)(r/2n)*cos (94) [ 1 - 2» + sin? (8)] 

usp = CGa/G)itr/2n) secs (%) [ 2 - 2» - cos? (%)] 


U3 = 0 
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G is the shear modulus of elasticity. 


The stresses in tensorial form are 


64 5= (RZ 27) tie ak ce) (225). 


Km, is the stress intensity factor of mode m=1,2,3; £,,;(@) is 
a geometrical function. To convert the above expression for 
plane stress, set 033 =0 and replace v by v/(1t+v). Equation 


(2) canbe rewritten as 


Kn= (0; Vv 2tn)) fy Veo Ke?) 
(note that summation convention is suppressed). 
Fore plate containing. a shroughsthackness: crackwolwength Za, 


Phesisuncit lon hye (oye asunityacand i2r iwS  teplaced byxa 


K1=0,,/7a 
K2=0,2/7a (4a) 
K3=023V7a 


The function £;,(@) for different geometry and crack 
Orientation are commonly available in textbooks. For a 
useful example, the stress intensity factor of a center 
notch three point loading fracture specimen is expressed in 
Bon. 05 a ASTM) He3o0" 6a) ase Showneaiie? 197.3. 

At a slow loading rate, as the crack length approaches 
avcriticalwvalue Of GG; aecritical: Value Of °K. walle be 


reached and followed by onset of an unstable crack growth. 
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This critical value of K is also known as the material 
toughness and is designated Kc. Its value depends on the 
material, state of stress, temperature and loading speed. It 
is known that Ke decreases with an increase in thickness 
(Fig.4), reaching a rather constant minimum value Kic when 
mode I plane strain conditions are satisfied. Knowledge of 
Kic therefore Boorices a conservative approach to the 
fsacturne: problem. 

Experiments have shown that for the same material both 
Ke and Kic value reduce as the temperature decreases 
(Fig, 5)). For impact loading the Kic value reduces to become 
Kid (Kid is the plane strain dynamic fracture toughness). 

Experimental techniques exist for evaluation of 
toughness values Ke and Kic, and are discussed in a later 


chapter. The fracture design curves are normally presented 
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Figure==4 Effects of thicknessmon fracture toughness 
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Figure 5 Effect of temperature and loading speed on 
fracture toughness 
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as shown in Fig.6. At a design stress o, a defect size of ac 
would be critical for the material C but considerably safer 
when material B is used. In general the value of Ke is about 
2 to 10 times larger than Kic. The reason has been related 
eOptene- large plastic zone rat the Vicinity of the crack tip. 
AS a result of this plasticity, the linear elastze fracture 
mechanics does not apply and alternative approaches have 
been considered namely the R-curve , Crack Opening 
Displacement (COD) or J integral methods. In general these 


approaches are known as elastic-plastic fracture mechanics. 


Zoo EiLtects Of Crack tipyplastic zone 

Linear elastic fracture mechanics explicitly assumes 
that the material behaves ina purely elastic manner. In 
particular the stress field equations described in Eqn.1 
show that the stress magnitude approaches infinity as the r 
(of the r,@ coordinate) approaches the crack tip. In 
practice most materials deform plastically once the yield 
stress is reached. This region of plastic deformation is 
known as the plastic zone as illustrated in Fig.7. Irwin 


(1957) has suggested that the size of plastic zone r, should 


be 
Cees 2K / Oi) for plane stress, 
Leen (Oa K/o,.) for plane strain. (6) 


Note that the plane stress plastic zone size (r,) is three 
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Figure | 6 Fracture mechanics design curve 


times bigger than the plane strain value and is also 
inversely proportional to the square of the yield stress o,. 
This often explains the difficulties encountered when 
fracture toughness for material with low yield stress is to 
be evaluated. 

The existence of the plastic zone in reality makes the 
evaluation Of Kicuditticuin, am theory the plane strain 
fracture toughness evaluation does not allow for any 
Placticit yratathemcbackest wpa inp nact Lcemtnise could ibe 
approximated by making the test specimen dimensions large 


enough so that the plastic zone size is small in comparison. 
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ne stress ; 
Pla Plane strain 


Brot Cod Varlativonew or tcrackatip plastic zone 
through the thickness of plate 


Smallest specimen dimension of approximately 50 times the 
estimated plastic zone size is normally considered adequate 
to approximate linear elastic behaviour near the crack tip. 
The value of '50' is normally adopted as a guideline for 
estimating the test specimen dimensions in evaluating Kic. 
In the design of aircraft and pressure vessels the 
plane’ stress problem 1s of great practical importance. Plate 
materials are commonly used and toughness values of 
available thicknesses are evaluated. Unfortunately the plane 
stress plastic zone size is large and often results in 


inadequate specimen dimensions for the Kic test. 
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2.4 Experimental Evaluation of Material Toughness 


2.4.1 Plane Strain Fracture Toughness 

Plane strain fracture toughness Kic is evaluated 
experimentally. Provided the estimated plastic zone size is 
small in comparison to the specimen dimensions, linear 
elastic fracture mechanics can be approximated. An ideal 
specimen should have a geometry that is easily prepared and 
posseses geometry that permits Eqn.1 to be valid. The 
Specimen should have a crack with a sharp tip that would 
approximate the ideal plane crack assumed in the analytical 
stress field representation (Eqn.1). 

Although a machined notch may not resemble the ideal 
plane crack presented in the analysis, a fatigue precrack 
can be developed as an extension of this machined notch. If 
this fatigue precrack is prepared carefully, the ideal plane 
crack can be closely simulated. 

When all proper specimen preparations are made, the 
fracture test is done simply by loading slowly. The load at 
whieh an Unstable “erack=growth@starts is called the fracture 
load Pc and when applied to the Eqn.5, the fracture 
toughness Kic 1s obtained. 

Standard procedures for the Kic test are now available 
to ensure repeatable test results. The ASTM E-399:81 and the 
British Standard BS 5447:1977 are the accepted standards for 


evaluating Kic. 
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2.4.2 Plane Stress Fracture Toughness 

Linear elastic fracture mechanics does not apply when 
large yplastia deformation at the crack tip occurs» The 
general concept however could be extended to produce an 
alternative method called R-curve. The method makes the 
evaluation of plane stress toughness Kc possible (ASTM 
E-561:1981). However, the specimen size for R-curve 
evaluation is so large that it often becomes impractical. 

Rice (1968) introduced a new approach to the fracture 
problem by defining a path independent integral energy 
method. The method is known as the J integral method. Since 
it 1S based on an independent path analysis, the effect of 
the large plastic zone is avoided if a path taken outside 
this plastic zone is used in the calculation. Indeed the 
method is claimed to represent toughness values from plane 
strain to plane stress conditions. To date a working 
Standard has been introduced for plane strain conditions 
only (ASTM E-813:1981). The standard permits evaluation of 
theveritical value Jic which could be related to the plane 


Strain fracture toughness Kic as 


Jic= (a K1e4/75 (7) 


Lately a single specimen J integral has been in the 
forefront of the J integral technique, the method requires 
very accurate instrumentation and a computer for calculation 


of unloading compliance. The standard for J integral 
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evaluation requires multiple specimens, therefore within the 
linear SIGE region (Jic), the J integral method has no 
obvious advantage over the linear elastic fracture mechanics 
approach. 

Tne 9ei eWellsmintrcduced@the Crack Opening 
Displacement method. Assuming plasticity at the crack tip, 
the strip yield model by Dugdale (1960) can be used to 
relate the COD to the applied stress and crack length. The 
basic relationship was further developed by Burdekin and 


Stone (1966) and expressed as 

6=(80 7a/n8) 1 im seci(ao/2o, ))} (8) 
where 6 is the Crack Opening Displacement according to 
Wells. A reasonable approximation for the above equation 
would be 

$="a07/Eoy G2) 
previded o/c, eis¥small (iewwinethe linear region). Whensa 
large area wof crack*tip plasticity ers considered, the 
equation is expressed as 


8=K*(1-v7)/AEo, (10) 


The values of \ which have been reported in the literature 


depend upon the exact location of the crack tip in their 
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evaluation. The British Standard BS 5762:1979 for COD gives 
this value of A = 2. Usually, COD measurement is made on 
three point bend specimens of similar type as the Kic 
Specimen. Experimental evaluation is as follows: since the 
whole uncracked ligament is above yield, it may be 
considered a plastic hinge (Fig.8) with the centre of 
rotation at a distance» p(W-a) from the crack tip. The crack 
edges are assumed to remain straight. The rotational factor 
p has to be determined experimentally. A similar triangle 
for clip-gauge displacement (V) and COD can be constructed 


and an expression derived from it is 


V/{atp(W-a)} = 6/p(W-a) 


5 = ip(W-a)V}/tatp(W-a) } Cais) 


Experiment has shown that the value of p varies from 0.08 to 
ON4eetor (COD tor 050004 ivo) 0.02 winches: (C0. Odeo 0.3mm) 
(Robinson and Tetelman, 1973). The BS 5762 has adopted p of 
0.4 . As can be seen from Egn.9, 6 iS analogous to the Kic 
when the critical value 6c is reached. The Kic and COD (éc) 


can be related as 


Sc Lem GRileyon Nie (12) 


Since the method was developed on the basis of crack tip 


plasticuty pet canbe used to evaluate fracture toughness of 
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Figure 68 Plastic hinge 


binear elastic; *elasticsplastic and plastac behaviour. Fora 
linear elastic: condation, the COD method has no real 
advantage over the Kic method. There are many practical 
Materials for which the Kic ‘value ‘can not be obtained. Fox 
this case the COD method becomes useful. The present 
standard for the COD fracture toughness measurement 1S given 
by the British Standard (BS:'o7625197.9. Most of tthe especimen 
preparation procedures have been taken from the plane strain 
fracture toughness Kic standard (BS 5447). Ror the COD 


method, tests can be carried out on Specimens of the full 


thickness available. 
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3. Standard Technique for Material Toughness Evaluation 


Ss. el nt roauct ron 

There are presently five standard techniques available 
for evaluation of material toughness under quasi-static 
Hoading, These are ASTM EB-399:1980 for Kic,; BS 544721977 for 
IM Ope Boro O2c1 oy SE OLE COU-wASIM sh Sows 1 IGN Lon R-Curve, (ASTM 
E-813:1981 for Jic. Each of these standards has its own 
advantages as well as disadvantages. Toughness values from 
any standard are subject to error, some of which may be due 
to lack of technical expertise. 

The standards for R-curve and Jic are new. Although 
their concept appears to be very promising, the lack of 
service experience for these techniques limit their present 
usefulness to the design engineer. The standards for Kic and 
COD, on the other hand have acquired wide acceptance. 
Material toughness expressed in terms of Kic for linear 
elastic behaviour and COD for elastic plastic behaviour are 
used in many fracture mechanics design practice. 

The Kic and COD test involve the following two stages: 
a)the development by fatigue loading of a crack 
from a machined notch in a test piece (specimen 
preparation); b)the propagation of that crack by 
applying an increasing force which may cause 
bending or tension to produce a fracture (fracture 
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The Klc standards utilize two' types of test piece namely 
the compact test specimen (tensile test) and the three point 
bend specimen, while the COD standard employs only the bend 
rest. 

Although it has now been established that reproducible 
Kic values could be obtained for the same material by 
different laboratories within about 15%, there are still 
unsettled difficulties in following the restrictions 
contained in “the Standard) (Towers, 1981). Specifically, 
these problems are the estimation of an allowable maximum 
stress intensity factor Kfmax and the stress ratio R during 
fatigue precracking. The guideline for specimen preparation 
limits the Kfmax in order that the monotonic plastic zone 
Size during this time is less than the plastic zone size 
during the fracture test. A high Kfmax value results in an 
over-estimated Kic value. Without explanation the Standards 
also restrict the fatigue precracking stress ratio R to be 
between 0 and 0.1 for BS 5447 and between -1 and 0.1 for 
ASTM E-399. A study related to these restrictions is 
presented in Sections 3.4 and 3.5 of this thesis- 

The COD Standard is intended to give fracture toughness 
evaluation fon elastic-plastic to fully plastic fracture 
behaviour in which the Kic technique is not valid. The COD 
Standard limits the fatigue precracking stress level 
differently than does the Kic Standards. This restriction 
ensures that the plane strain plastic zone size (r,) is less 


‘ASTM E-399:81 has four types of test piece. 


a ae nS 


aceasta eh reds hedelideses need eon 468 ‘nl Gquet sie 
we (sizveten seek sd3 =) Santazoe od biuos esulev i. u 


ilies #36 sit? wat sacda susie selzosexedel snerstz 
wnat Partenas eis griwolia? ci ob dus aReb Seistesn 
atl Lek Sisege ei Fest ,b2evoT) Hieicare an2 ni bening 3 


misixen sidawelip ae ia coltamizss ed+ #78 eeside3q = ee 
gitiah €4 oi¢gy 268998 eria One xantA sero: ritenssas TT 
Adis w2eg? 29 Lem sege 63 eatieSicog eft .cntaceroery er -_ 

enae 3/testg piaaionem siz “4s sghuc of @eabAy ane eiimt 


eels eno sismdly 42 cacc 226i ti «eis Bes pntrub “> 
Re at @2 fuses auiey Semis Apit «A .3e862 ixetomee ad2 out mu 
sh<ehnesd @¢3 eoismaiqes ooo ci! guise 24 perandaee x08 
et o: f eiswi: eneete paisigi39%7 meg tse edi #eistzes: caffe 


; e-_ 
soe (4.0 Dam T= deeeied Ose FH0e SF ioc | 0) een 6 naseted 


a 


si oeolemiedeest eced? <2 beteie: voviayA..eOf-8 vera 
_elevas Bees Se C.f ores ee Traesig 
Stearewe: stuteaviegvig of Sebrs: ri &7;eanas2 GOD any - 
wapicet?: siseel@ ella? G2 stsealq- of cegale 3e2 hoitauiats - 
3G) sit Ad iay Jon «i sucindoa: =/% eca2 doidw ab auelvedeee 
Jaysl saesda pnlssatcoo3wg Sup. sé? ats zetast bunbaasty 
anigsizias: elf? .abrabease 2/2 ats 2005 asd? ylenessd} | 
geet oi (,2) avit. Gpes Siteniq ciacte aeslg ec? 208d. 20cee 


a = 


geeelsg, dan. to esyy1 wet car Pile © 


20 


than one fiftieth of the specimen width B during fatigue 
precracking. The COD Standard adopted the R restriction 


given by the Kic Standard BS 5447. 


3.2 Specimen Preparation for Kic and COD Testing 


3.2.1 Kile Standards (ASTM E-399:81: BS 5447:77) 

The derivation of linear elastic fracture mechanics 
relates the stress intensity factor K to the stress level 
and crack size present in any structural geometry and crack 
orientation (Eqn.1). The analysis is based on an assumption 
of the existence of an ideal plane crack and the stress is 
at a state of plane strain (mode 1). Experimental evaluation 
of material toughness based on linear elastic fracture 
mechanics (Kic) requires preparation of the specimen to 
Simulate these ideal conditions. For a valid Kic evaluation, 
it is necessary that the smallest specimen dimension be of 
an order 50 times greater than the plane strain plastic zone 
size. This restriction which is adopted in both ASTM 


E-399:1981 and BS 5447:1977, is expressed as 


a, B and W/2 22.5(Kic/o,)? es) 


where a, B, W/2 are the crack length, thickness and half 
wicdtheof the test piece. Le is noted that evenubefore sa iKic 
test specimen can be machined, the Kic value to be obtained 


must already be known or at least estimated. For this reason 
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both standards provide a limited guideline for estimating 
specimen dimensions by the ratio of yield strength to 
modulus fof elasticity, cyw/E. 

It has been evident that the fatigue precracking 
process must be closely controlled in order to avoid damage 
and the development of an unsatisfactory fatigue precrack. 
The procedure ensures that the last 2.5% of the overall 
length of the notch plus fatigue precrack is loaded at a 
maximum stress intensity level during fatigue (Kfmax) such 
that the Kfmax value is less than the Kg value determined in 
the subsequent test, in this way Kq qualifies as a valid Kic 


result. This is expressed as 


Kfmaxsa(o,,/o,2)Kq. (14) 


ASTM E-399 determined that a should be 0.6 while BS 5447 has 
a more relaxed value of 0.7 for a. These values are 
presumably based on experiments by Brown and Srawley (1970) 
for the ASTM E-399eandsbysMay (1970) for Bo 6447. Thema 4 
and in) ave —ehewylelasstressessat the temperature or fatigue 
precracking and of fracture testing respectively. This is 
incorporated to ensure that the plastic zone sizes are 
compared correctly. Realizing that the Kfmax value can only 
be computed if the K1 or Kq value to be obtained has been 
estimated, the ASTM E-399 provides an additional guideline 


for estimating Kfmax such that 


Mt “ 


ye 


aa fs 
su: 8 viscid loa 


- — Li So 
abtosdodsg sipiisi.eds jars sodsied fuk. ‘~ he 


(ie4seu6 she Teee.S t2a6/-s+. 440? 2553J72n9 i 

7 in oe 
A a q40S0t 2 fa63527 wigrtodt ESliac’ AS2ZOn eee 
i o) | & a . 2 


. - — ¢ - 4 a 
iesise) (=46a3R yUDiGE3 2) ) Lays: : di fe 1s s2e038 mei 


vi -Besimaessh euiév p48) 90 5 zg =i ObLey xenhh a2 in 


= 
al, 
4 


S) aeinben ia 
76 S@peS -CaAso EL aFat tigaest 
a" an 


a - * = ain oon ae 
saf Teese 22 F0tGw, 6.0 ad ¢ jens bars mne2ee 
e346 gaulad seent 2 is¥ BOGks 
te = ‘ _ 
ce) ). velwete’ Siségtore qd esaqatategas ay seaad Vlei 
i 4K 
o r a ~| = ps 4 t A) @ 2 ‘ ot a 
f »v Sm ® ,oEC 24 ris = Sr : ‘i> Ane, Tl 


@ 
oa 
“ 
\ 

fl 
iy 
Li 
es 
a“ 
4 
> 
i 
bade 
vs 
ra 
) 
vi 
i 
ip 
“ 
ap 
Ld 
ti 


o\ite gat suisvige@gh pas ted7 ocitiléas ‘$2 


ot 
- 


rod ean — ‘ 


eae ‘ip ea ; 
a 7 


aan hasue shee 
7 - ree 


ae of snley pa co 14 
- 


: ane oo e 


Kfmax/B S08 002y/in=. (715) 


A furthersrestriction vs that the stress ratro R during 
fatigue precracking should be between 0 and 0.1 for BS:5447 
and should be between -1 and 0.1 for ASTM E-399. This 
unexplained R-ratio restriction maximizes the crack 


pEepagatbion rate ianefatigque precracking. 


372,28 CODeStandardi( BS 5762279) 

Since the derivation of the COD measurement can be made 
even when there is considerable plastic flow ahead of the 
crack, unlike the Kic method, specimens of available 
thickness of interest can be used. 

To simulate severe defect possible, a fatigue precrack 
is induced in the COD specimen. The standard specifies the 
Kfmax value so that the plane strain plastic zone size 
during fatigue precracking remains 50 times smaller than the 


Specimen thickness, B.:°The derivation is as follows; 


ry=B/50 (16) 


Where r, is the plastic zone size during fatigue precracking 
related to the specimen width. Equation 6 gives the plastic 
zone Size in terms of the stress intensity factor K1 and the 
yield strength. For a minimum, the plane strain value of ry, 
is used. Combining Eqn.6 and Eqn.16 and replacing K with 


Kfmax gives 
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14767 }(Kimax/oy) *=B/50 
or 


Kimaxs0.6370,y8. bi 7) 


An alternative derivation of the above equation can be 
obtained from Eqn.13, where Kfmax replaces Kic. Although not 
specified, it 1S reasonable to assume that o, refers to the 
yield strength at the fatiguing temperature. 

For the remainder of the procedures the COD standard 
has adopted the procedures included in BS 5447 for Kic. This 
mnelodesmthe restruictaon on R-ratio. 

The standard specifically states that if the subsequent 
test has its fracture value close to the linear range of the 
load-displacement curve, the secant offset procedure shall 
be applied to test whether a valid Kic measurement can be 


made. 


3.3 Fracture Test 


S.3.teKichFracture Test (ASTM-E399- BS 5447) 

When the specimen has been precracked in fatigue to 
Obtamnea/W values ineathesrange: of 0745) -202 5578 the fracture 
test is carried out either in tension or bending. For a bend 
test the total loading span is 4W. Specimen inspection is 
required before testing to fracture, this includes 
measurement of thickness B and width W to the nearest 0.1%W 


on a line not further than 10%W away from the crack plane. 
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These values of B and W are used as a basis when determining 
thesvalidity of the test “after fracture, eg: checking the 
length of fatigue crack a to ensure that its average taken 
ae tneee position of 25%,950%, 75238 is within the constraint 
on a/W described above. 

Testing to fracture is done with a loading rate such 
that the rate of increase of stress intensity factor is 
within 30 to 150 ksiYin per minute. For the bend test the 
method specifies a requirement for a roller support to avoid 
friction upon loading. An example of a clip-gauge design for 
displacement meaSurement 1S also given in the standards. The 
recorded load-displacement curve should have a slope between 
Ov? wand) 125 for itseiiinear partarth!s iS) to minimise the 
error that might be created from the 5% secant method in 
determining the critical load Pq. 

Typical load-displacement curves are shown in Fig.9. A 
line with a slope 5% less than the slope of the tangent OA 
to the initial part of:-the record is drawn, then a load P; 
is obtained. Pq is equal to Ps or any higher force that 
precedes Ps. 

When a valid Pq has been obtained the Kq value can be 
calculated. The standards provide equations for both the 
bend test piece (Eqn.5) and tensile test piece. 
Alternatively, a table is given for each case to relate Pq 
to Kq. The Kq then becomes Kic when the factor 2.5(Kq/o,)? 
is less than both the thickness of the test piece and the 


crack length and the other validity criteria are met. 
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Figure 9 Typical load versus clip-gauge 
displacement curves for Kic test 


3.3.2 COD Fracture  fese 

AS with the Kie method, the COD standard requires 
accurate measurement of specimen dimensions after fatigue 
precracking. The results are to be used as a basis in 
determining the validity of the subsequent test. 

The requirement fora roller Support, clip gauge for 
displacement measurement and loading rate range are all 


adopted from Kic standards. 
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Typical load-displacement curves are shown in Fig.10. 
Frompohese curves, the<COD.foreinitvations critical- 
unstable and maximum crack growth can be obtained. These are 


termed 61, 6c, du and 6m and are expressed as 


Sim oc,, Oller om =FiK-(j=ve 720.8. + 
{0.4(W-a)Vp}/{0.4W+0.6a+Z} (18) 
where K 1S expressed as 


K = YP/BW?2 (19) 


The COD standard gives a value for Y with the corresponding 
a/W ratio. P and Vp are the force and plastic component of 
clip-gauge opening displacement respectively, which 
correspond to the relevant values of Vi, Vc, Vu or Vm (see 
Fig.10). Notice that Eqn.18 is a combination of Eqns.10 and 
11. The reason is that Vp is used instead of V and is 
measured relative to the linear clip-gauge displacement. For 
type III, IV and V, the multiple specimens technique will 


have to be used to determine the initiation value of $61. 


BUaekttect. of KEmax on Kilc and COD 


3.4.1 Effects of Kfmax on the Kic 
In preparing the fatigue crack the value of Kfmax is 
limited by Kfmax < a Kq. Experiments have shown that Kq 


increases when a high Kfmax exceeding the limiting value of 
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Figure 10 Typical load versus clip-gauge 
drsplacement curves for COD test 


aKic is applied (Fig.11). Various researchers have 
determined values of a ranges between 0.5 to 0.9, depending 
on the material being tested. 

Brown and Srawley (1970) determined a=0.6 on 18Ni grade 
30D maraging steel. This value has been adopted by ASTM 
Standardyb=399. Maya i970) «determined a=0.67 forehigh 
Strength carbon martensitic Ni-Cr-Mo-V steel. This value has 
been simplified to 0.7 in the adoption by BS 5447. Kaufman 


and Schilling (1973) and Kaufman (1977) found that for 
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Kimax 


Figure 11 Btfect of Kimex on Kaa (typiceal 
experimental results) 


aluminum alloys a@.as high as 05.8 could be used. Clark (19739) 
for 3sNa,1Cr70.5Mo gun Steel and Yeh and Burck (19739) fer 
AISI 4140 steel concluded that for high strength steel a had 
to be limited to 0.5.. 

Kaufman (1977) suggested that the value of a imposed by 
E-399:1981 should be relaxed to 0.8 for aluminum alloys. 
Jones and Brown (1977) were of the opinion that 'special 
relief procedures' should not be incorporated into ASTM 
E=o99=8 tor specirlic. mateLials. @ivthis latter opinivoneis 
correct the data by Clark (1979) also Yeh and Burck (1979) 
indicate that a should be reduced to 0.5 from the current 


Value of 0.6 and 0.7 in ASTM B-399 and BS 5447 respectively. 
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Several explanations have been offered by researchers 
for the influence of Kfmax on Kq. The more widely accepted 


explanations include the following: 


a)Crack Closure 

The crack closure theory replaces AK with effective AK 
(AKeff), taking account of residual compression at the crack 
tip. Higher Kfmax values result in higher crack closure 
levels. Elber (1971) gave a crack closure model that was 


slightly modified by Towers (1981) as shown in Eqn.20. 


Kg =skql + (0.5 + .001R 4°024R-. )Kimax (20) 


where Kql is the lowest possible value of kq. 
The crack closure model by Maddox et al (1978) was also 


presented ina different form by Towers in Eqn.21. 


Kone KkKglo+ (0.14 250. 86R) -Kimax 24%) 


In both of the above relations the value of Kq 
increases with Kfmax and R. Experiments by Towers did not 


verify the above expressions. 


b)Cyclic hardening and softening (reversed plastic zone) 
It has been observed that material which demonstrated 
the greatest sensitivity of Kq to Kfmax also demonstrated 


pronounced cyclic softening. Indication of cyclic softening 
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is given by the ratio of the material's ultimate to yield 
Stress (0/07). The lower this ratio 16 the greater the 
influence of the cyclic softening (Table 1). 

Towers (1981) reasoned that the increased sensitivity 
of Kq to Kfmax with cyclic softening was presumably because 
the softening effectively improved the fracture toughness of 
the material. Roman et al (1981) commenting on the critical 
Stress model of cleavage fracture showed that cyclic 


softening increased Kq where cyclic hardening decreased it. 


Tables ly indicatton of cyclic esontening by the ratrorot 


the material ultimate to yield stress. 


Material 


Ge crmer 07 9) SNi Cre 0. SMo gun 
steel 


18Ni grade 30D 


Brown and Srawley 


(1970) maraging steel 


Kaufman and SSE oh pee 2014-T6. "a Puninum 


Senutling (1973) 


EN-30B steel 


BS 4360-50E steel 


May (1970) F225 


Towers (1981) 24591.51 


Pn general 0,70, <1.2. Should, show a pronounced (cyclic 
softening effect and o,/o, ~1.4 Should show a cyclic 


Hardening effect. (Smith et ol, 1963) se these indicaczons 
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however are not sufficientlly sensitive to permit selection 


Offa SuUitablesvalueutorla. 


c)Insufficient specimen dimension to maintain plane strain 

All standards require specimen dimensions a,B and W/2 
POMbDEsGreater .orvequal .tou2,o(Kic/ov es eThieeis) to ensure 
that the specimen dimensions are about 2.5x6mr, or about 
o0ry. 

A detailed study by Kaufman (1977) concluded that this 
restriction was adequate for most materials except those of 
high toughness such as aluminum alloy 2219 T851. In the 
latter case specimen dimensions of 100 r, should be used in 


Order, to produce: al valid Kic™ 


Cyverdackmbiluncang 

Higher Kfmax value produce an increase in plastic zone 
Size resulting in-avblunter crack’ tip. 'Thescomparison of 
plastic zone size during fatigue precracking (r,,) with that 
at fracture (r,2) can be made based on the Kfmax 
BeSEniction. Applying Ban. 6 and i27 the plastic zone catio 


can be expressed as 


(Remax) Onqols/ (N1e7.0, 2) = 


eae 


= (a)? (22) 


Substituting into both the value of a (0.6 and 0.7), the 


ASTM E-399 and BS 5447 have ry;/ry2z of 0.36 and 0.49 
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respectavely. If this) plastic (Zoneiatio’ 1s the basis of the 
restriction,  islightidiiterence inte imayligive ta “Significant 
change in r,;/r,2. Towers (1981) suggested that an 
experiment could be done to observe the effect of a high 
Kfmax on Kq related to crack blunting by a single static 
preloading before the fracture toughness test. 

During the fatigue cycle the crack tip experiences 
reversed yielding, the plastic zone ry, is Superposed by the 
reversed plastic zone r,yo which at a plane strain condition 


has a value of 


ryo={1/24m}(AK/o, )? (26) 


A large reversed plastic zone size could also be responsible 
fom bluntrigtoflamtatique: precrack@iwhichmewould eresikt vin ca 
higher Kq value. On the other hand, a higher AK value could 
produce a lower Kq Since the fracture toughness would tend 
wombemreduced by the Hack ich ductility, This uncertainty 1s 
further complicated by the effect of cyclic softening or 


hardening which depends on the o,p/oy value. 


3.4.2 Effect of Kfimax on the COD 

There has been little study on the effect of Kfimax on 
COD. Towers in 1981 argued that if the Kic result is 
affected by Kimax, on the linear region where the COD result 
Gould also be dealw with by “a Kicedandlysis, the COD result 


should also be affected by the Kfmax. 
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o20 BCLeCt Of R-ratiocon the Kic. and, COD 

The ASTM E-399 standard for Kic requires R to be 
between — | "and 0 v5 while the’ BS 5447 for Kic’and BS 5762 
for COD require R to be between 0 and 0.1 . This restriction 
causes a high crack propagation rate during fatigue 


precracking. Paris and Erdogan (1963) showed that 


a7 Cne=nC.CAK) (24) 


Expressing AK as (1-R)Kfmax (for Kfmax#0), for a given Kfmax 
value, the fatigue crack propagation rate increases as R 
decreases. 

For a given Kfmax value, a higher R-ratio would be 
expected to produce a sharper crack tip which is closer to 
the simulated ideal plane crack assumed in the K1 analysis. 
Limiting RS0.1 results in a large AK and therefore a large 
reverse plastic zone. The resulting crack tip iS a poor 
approximation to the ideal plane crack. 

Conclusions drawn by Towers from the crack closure 
theories indicated the opposite of the above argument; that 
is, Kq is expected to increase with R (Eqn.20,21). Elber's 
(1971) analysis of crack closure could be intrepreted 
differently from that of Towers. Since AK is replaced by 
(0.5+0.4R)AK, for a constant Kfmax the reverse plastic zone 
size decreases quadratically as R increases (note that the 
effective AK is now equal to (0.5-0.1R-0.4R*)Kfmax ). The 


smaller reverse plastic zone size more closely represents 
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Ene Linear elasticaconditionmacmthe crackttip. 

In an experiment, the study on the effect of R-ratio is 
difficult to separate from the effect of Kfmax. This is due 
to the fact that most fatigue machines are unable to keep 
Kfmax constant as the crack propagates. Further difficulties 
arise in keeping the R-ratio the same while keeping Kfmax 
constant. These problems are discussed further in the 


Experimental Procedure. 
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4. Acoustic Emission Detection 


4.1 Introduction 

It has been known for many years that whenever a 
material undergoes plastic deformation, transient elastic 
waves are generated due to a rapid release of localized 
Strain energy. Mechanisms that have been proposed as sources 
of these elastic waves include crack nucleation and 
propagation, dislocation slip, twinning and grain boundary 
Sliding. Such radiation of elastic waves is known as 
acoustic emission and can be detected by transducers. 

An acoustic emission source generates an expanding 
spherical wave packet losing intensity at a rate of D™’. 
When this wave reaches the body boundary, a surface wave 
packet is created, either Rayleigh or Lamb type wave 
depending on the thickness. Both wave propagation modes have 
the advantage that the intensity loss is only inversely 
proportional to the distance D. 

In general, the application of the acoustic emission 
technique is useful for locating any active defects in large 
structures when boundary reflections of acoustic waves are 
negligible (The EWGAE code, 1981; Lenain, 1981). The method 
is complementary to the ultrasonic method which can discover 
defects whether active or inactive, only if the defects have 
a specified minimum size and are appropriately oriented. 
Once located, the analysis of the acoustic emission provides 


the engineer with an account of the growing defects. 
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Figure 12 Acoustic emission waveform detected by 
transducers; (a)burst emission, 
(b)continuous emission 
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Figure 13 Parameter for characterizing an acoustic 
emission event 
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A growing defect may produce either a burst type of emission 
Or a CONTINUOUS emission (Fig.12). A combination of the two 
iS a very common occurrence. Characterizing acoustic 
emission events can be done by one of the following methods; 
counting the number of events, examining the duration of 
each event, the number of ring down counts per event, 
energy, peak amplitude or signal rise time (Fig.13). 

Measurement of the signal duration is simply done by 
timing the duration of the first to the last ring down 
count. Measurement of the number of counts per event can be 
made if a silent period exists between successive events. 

Acoustic emission energy represents the energy that is 
transmitted by the displacement propagation of the elastic 
waves. This energy iS proportional to the square of the 
surface displacement that can be detected. Since the output 
voltage of a transducer attempts to represent this surface 
displacement, the voltage squared is also proportional to 
the acoustic emission energy. Energy analysis normally 
incorporates a Squaring circuit and a low-pass filter as 
shown in Fig.14. The area under the low-pass envelope 
represents the amount of acoustic emission energy. 

In 1972 Radon and Pollock suggested that the 
relationship between the energy released during the movement 
of a crack and the length of the crack offered distinct 
advantages over the usual explanation of crack propagation 
in toughness test. Harris and Bell (1977) showed that energy 


measurement of acoustic emission tended to give a larger 
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Figure 14 Schematic representation of components in 
energy measuring device (ref: Harris and 
Belle 4977) 


weight to a higher ome See event. Harris and Bell's 
experiments revealed that energy measurement has no real 
advantage over the ring down count measuring method in cases 
in which crack extension is the primary source of acoustic 
emission. 

Advancement in electronics has enabled investigators to 
discriminate signals from background or unwanted noise. The 
discriminating methods used are the high-pass and band-pass 


filter techniques that allow only waveforms with frequencies 
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of interest to be detected. 

A more recent version of a noise discriminator is the 
measurement of signal rise time. Theoretically, at the 
source an emitted signal has a rise time approaching zero 
Since it iS a pulse. In practice, the recorded rise time is 
larger due to the system response of the propagating medium 
and the recording system that includes the transducer and 
couplants. Background noise caused by pins and fixtures 
which clamp or hold specimen have significantly greater rise 
time. The rise time analysis is therefore useful for 
discriminating signals from this noise. 

Higher frequency noise such as electromagnetic waves 
can also interfere with the acoustic emission Signal. Other 
than uSing a band pass filter, this noise can be 
conveniently avoided by turning off the acoustic emission 
measurement during the time a radio wave receiver is 
activated by the existence of the high frequency noise 


(Protasov and Rybin, 1979). 


4.2 Acoustic Emission Monitoring of Fatigue Crack Growth 
Acoustic monitoring of fatigue crack growth has become 
an important technique for non-destructive testing. 
Monitoring crack growth uSing acoustic emission has been 
attempted by many researchers, the main problem encountered 
being the presence of high background noise associated with 


cyclic loading equipment. 
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In 1967, Gerberich and Hartbower correlated the 
incremental fatigue crack area to the summation of acoustic 
emission energy per incremental crack area. In 1968, Dunegan 
et al correlated acoustic emission with the stress intensity 
at a crack front. Their model was based on the volume of 
plastic zone ahead of the crack. The volume of the plastic 
zone 1S proportional to the fourth power of the stress 
intensity factor K, hence the accumulated acoustic emission 
count should also be proportional to the fourth power of K. 
Dunegan's experimental result revealed that total acoustic 
emission was proportional to the sixth power of K. The 
discrepency was suspected to be the result of incorrect 
preloading procedures in the attempt to eliminate acoustic 
emission near the pin holes of the specimen. Recent 
unpublished photoelastic studies by Pettett and Budney 
showed (see Appendix 2) that the preloading procedures 
Suggested by Dunegan et al failed to preload the region at 
which stresses were concentrated during actual tensile 
loading. 

Harris and Dunegan (1973) observed that acoustic 
emission can be used for detection of fatigue crack growth 
as low as 10°° inches per cycle (25,.4x10;°m/cycle). The 
experiment showed that the acoustic emission technique 
Should be suitable for in-service monitoring of a variety of 
cyclically loaded structures, even in the presence of high 
background noises. Their acoustic emission detection was 


done on the upper cyclic load only since this load is 
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associated with the crack growth. Machine noise was isolated 
using multilayers of an nimesree. Sheets to produce an 
impedance mismatch of the propagating noise. Their test 
results showed correlation of acoustic emission to crack 
length. Similar experimental results by Morton et al in 1973 
Showed that there was a better relationship for acoustic 
emission and the applied range of stress intensity rather 
than between acoustic emission and the average crack growth 
Laue. 

Sinclair et al (1975) incorporated acoustic emission 
detection for proof testing of the component and during 
normal stress cycling of the component. Their experimental 
results revealed that the acoustic emission event count, N, 
for each cyclic load was related to the stress intensity 


factor range AK and expressed as 
GN/dne=" Ce CAKY Os (2) 


Sinclair et al showed that C and m have similar numerical 
values to eHose of fatigue propagation rate parameters 
described in Eqn.24. 

Lindley et al (1978) produced experimental results that 
showed a relationship of ring down count acoustic emission, 


Nr, to AK described as 


Glapeolel Ee (UNCP =o (26) 
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Where m 1S a curve fitting parameter obtained from the crack 
propagation curve of the material tested. The above 


relationship was derived originally by Harris and Dunegan in 


TOT a. 


4.3 Acoustic Emission Monitoring of Crack Growth and 
Fracture in Quasi-static Loading 

It has been mentioned previously that acoustic emission 
counts can be related to the stress intensity factor K at 
the crack tip (Dunegan et al, 1968). Palmer and Heald in 
1973 gave an alternative relationship by deriving their 
equation from Dugdale's plastic zone size (Dugdale, 1960) 
WhichPallowSeiorsagitarge anounteot! plasticrtyrat the crack 
tip. This derivation suggested that N « K*. Masounave et al 
in 1976 suggested that the relationship that was developed 
by Dunegan et al (1968) should have the exponent value of 11 
when it is not corrected for plastic zonesbut 7 when ait ois. 

Of the many papers written on this subject, of 
particular interest are the papers by Mitsuru et al (1975) 
and Clark and Knott (1977) regarding detection of onset of 
Stable crack growth in COD testing using acoustic emission. 
Takahashi et al (1981) proposed a new acoustic emission 
procedure for crack Growth monitoring in fracture toughness 
specimens. Their experiments utilized acoustic emission 
detection of crack initiation during loading in the single 


Specimen J integral method. 
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5. Experimental Procedure 


Sel Nncrocuction 

In this chapter the extent of the experimental research 
program is detailed. Properties of the test material, 
relevant specimen preparation technique, and three point 
bend fracture toughness testing methods are presented. 
Details of the acoustic emission monitoring during both the 
Specimen preparation (fatigue precracking) and the fracture 


test are explained. 


5.2 Test Material 

Five eighths inch (15.875mm) thick quenched and 
tempered AISI 4140 steel plate was used for all the 
experimental tests conducted. Microstructure examinations 
were done to determine the material's rolling direction. 
Tensile specimens under ASTM E-8:81 designation were made to 
determine the as-received and the stress-relieved mechanical 
properties of the steel along its rolling direction. The 
results are shown in Table 2. Three-point bend specimens 
were used for both Kic and COD testing using specimens of 
single size. These specimens were machined with their length 
in) the= direction of rolding:. 

The AISI 4140 as-received condition was tempered to a 
yield stress of 115 ksi (757 MPa) and having anticipated Kic 
Value» ranging from 50) tov/0eksiyin: (45 to 649MPaym).*This 


five eighths inch (15.875 mm) plate was machined to one half 
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inch (12.7 mm) thick fracture test specimen (Fig.15). 


Table.2 Rolling divegiion mechanical properties of, Als! 


Ly 

ksi (MPa) 
As received (Quenched Wiss S) (797) 139.4 (962) 
and tempered) 


4140 steel 


Seressmrelieved at V4 Zeit a) ets yed a ores) )) 
(2005 1(650:2C)., 
furnace cooled 


Table 3 Chemical analysis of AISI 4140 Steel 


eae 
0.440 0.026 | 0.300 


5.3 Specimen Preparation 


Three point bend specimens were machined according to 
ASTM E-399, BS 5447 or BS 5762 standard (Fig.15). The clip 
gauge mount was machined as shown in Fig.15. As required by 
BSO15447) atteremachining and prior to fatigue precracking, 


stress relieving was done on the fracture specimens at 
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i200 SHaeGS07C) tore sanimutbeceeDuring the process, the heat 
treated specimens were covered with grey cast iron chips to 
avoid scaling on the specimens' surfaces. The specimens were 
furnace cooled to minimize any development of new residual 
stresses. The tensile specimens were given the same heat 
treatment as the fracture specimen to determine the stress 
relieved mechanical properties. Rockwell C hardness tests 
were conducted on all tensile specimens, and randomly on 
fracture specimens to check if there was any difference as 


the result of heat treatment. 


5.4 Fatigue Precracking 

Fatigue precracks were developed in the fracture 
Specimens under a variety of maximum bending load and stress 
ratios ( ie: different Kfmax and R ratio values). A target 
pencil line for a total crack of 0.5W was drawn on each 
fracture specimen, the precracking was stopped when the 
Grechkwaront reached sthiswline. based onmcalculationsatmtne 
Grpackelength of 02475W {terminal 5% total crack), ‘Kimax 
values ranging from 30 to 70 ksiYin (27 to 64 MPaYm) were 
imposed on different specimens. For each of the Kfmax 
values, stress ratios of 0.1, 0.3 and 0.5 were used. For 
each of these combinations, a minimum of five specimens was 
tested for repeatability. All fatigue precracking was 
conducted at room temperature with an Amsler Vibrophore 
resonant fatigue machine set to resonate between 80 to 90 


Hz, depending on the stiffness of the bend specimens (ie 
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Ene tLength Of thestatirque crack). 


5.5 Acoustic Emission Detection 

Experiments were done to test whether or not the 
machine noise could be eliminated by a combination of a 
different transducer, filter and gain setting of a Dunegan / 
Endevco model 3000 system. Experiments using an unnotched 
specimen showed that the combination of S-750 transducer 
(750 kHz resonance), 0.3 - 1 MHz band pass filter and 85 dB 
total gain eliminated all the machine noise. To avoid 
overloading the acoustic emission system, a resetting 
Circuitry was made, which reset? the system every 500 load 
cycles. Data were recorded a few milliseconds before every 
resetting. Photographs of the experimental set-up are shown 
in Figs.16 and 17. The acoustic emission system, the 
clip-gauge conditioner and the digitizer/recorder are shown 
in Fig.16. The position at which the acoustic emission 
transducer and the clip gauge were attached to the specimen 


are shown in Fig.l. 


5.6 Crack Length Measurement 

Accurate crack length measurement throughout the 
fatigue precracking was not the objective of the 
experiments. The main purpose was to stop the fatigue 
precracking as soon as the fatigue crack reached a total 
Yength of O°5W approximately. Accurate measurements, 


2 Appendix 3 gives the block diagram for the experimental 
instruments. 
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Experimental set-up for monitoring fatigue 
precracking parameters 
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Crack length measurement and acoustic 
emission monitoring a fracture spacimen 
under three-point fatigue loading 
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however, were done after the fracture test to determine the 
value of the average crack length as required by the Kic and 
COD standards. To provide an approximate value of crack 
length during fatigue precracking, a clip gauge was used. 
Using the similar triangle rule, a good correlation of crack 
length and clip gauge displacement was made (see Appendix 
1). Knowledge of crack length throughout the fatigue 
precracking was useful to monitor the approximate Kfmax 


value. 


5.7 Data Acquisition 

During fatigue precracking the mean and maximum loads 
were monitored. This was to ensure that the minimum 
deviation from the prescribed load setting could be 
maintained throughout the fatigue precracking. To obtain an 
accurate reading of static load and dynamic load, the cyclic 
load signals were directly taken from the load cell of the 
Vibrophore machine using a low pass filter and peak 
detector. Similarly the clip gauge cyclic signals were 
low-pass filtered to measure the mean displacement which 
correlated to the crack length as shown in Appendix 1. 

For every 500 load cycles, the mean load, maximum load, 
clip gauge displacement and total acoustic emission were 
recorded. The recording was done on a Tektronic data 
Cartridge with a custom-built interface as digitizer and 
controller for the reset cicuitry. The recorded data were 


analysed on a mainframe computer (Amdahl 5860). Computer 
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programs were written for analysis of the recorded data. 
This included rejection of some tests when the load spectrum 


indicated that some overloads occured. 


5.8 Fracture Toughness Testing 

After developing the fatigue precrack at room 
temperature, the specimen was loaded on an Instron universal 
testing machine with a loading rate of 0.05 inch/minute (1.3 
mm/min) to fracture. This was within the specified loading 
rave lof both Kile andeCODSstandardss “The load; *clipngauge 
displacement and acoustic emission counts were recorded for 
analysis. The Kic and COD evaluation were made from the same 
load versus clip gauge displacement curve. Computer programs 
for Kic and COD evaluation were written. Accurate 
measurement of crack length, specimen dimensions and crack 
Orientation as suggested by the Kic and COD standards were 


followed. 
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6. Experimental Results and Discussion 

From a total of 117 specimens tested only 98 were 
considered valid. During the fatigue precracking, some 
Specimens were rejected since overloading occurred for some 
of the fatigue cycles. This overloading was mostly caused by 
the difficulties of the Vibrophore machine in following the 
change of frequency as the crack propagated. 

All of the specimens that had been precracked in the 
comtrolled conditions were tested to fracture. In meeting 
the Kic and COD standards eight specimens were considered 
invalid for reasons of sloping crack-plane and uneven 
crack-length. The specimens were fatigue precracked with 
Kfmax value of 30, 35, 40, 49, 56, 70 ksiYin and R-ratio of 
UO lp e025, 0.5 4 For 6€ach Ofethe combination. the testewas 
repeated Elve times. The results of the 90 valid tests are 


presented in this chapter. 


6.1 Fatigue Precracking 

The preparation of the fatigue precrack needed almost 
constant attention. The length of time to achieve the total 
precrack of 0.5W varied from six minutes to two hours, 
depending on both Kfmax and R-ratio values. Figure 18 shows 
that for a constant Kfmax value the number of cycles 
required to reached the terminal cycle (Nt) increased with 
R-ratio value. The same data was plotted as a function of AK 
in Fig.19 , which showed that the rate of propagation was a 


function of the stress intensity range AK, a phenomenon 
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which was observed by Paris and Erdogan (1963). A more 
common curve 1S shown in FPig.20, for which the data points 
were obtained from clip-gauge measuring of the crack length 
at every 500 load cycles. The curve indicates the crack 
propagation near the AK threshold value. The stress 
intensity range data was processed from the recorded static 
and dynamic load and the calculated crack length. A typical 
curve for the variation of the Kfmax value and the R-ratio 
value throughout the fatigue precracking is shown in Fig.21. 
This variation was kept at a minimum by constantly adjusting 
the static and dynamic load as the crack propagated. A load 
table was prepared to assist this process. A slight decrease 
in R-ratio value was observed, mostly at the beginning of 
the fatigue cycling period. This was caused by mean load 
overshoot when the Vibrophore machined achieved a resonant 
frequency. This overshoot occurred at the Kfmax value and 
resulted in a temporary decrease in R-ratio. The Kfmax value 
during the terminal 2.5% of total crack length*could not be 
maintained constant, however, increase in Kfmax was within 
5% of the expected value. 

The crack length and total acoustic emission ring down 
counts as a function of fatigue cycles are shown in Fig.22. 
Direct correlation of crack length to acoustic emission was 
considered poor since the acoustic emission activities were 


observed to happen at almost random parts of the fatigue 


ee aaa eae we 


>The Standards concern with Kfmax value related to the 
terminal 2.5% of the total crack length ie: between 0.4875W 
and O¢5W in this test. 
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history for specimens under the same test constraints. It 
Was Observed, however, that the total acoustic emission, tor 
the pervod of ftatique precracking to reach the Oy5W crack 
length, was of the same order of magnitude for all 
Specimens. By dividing the total acoustic emission ring down 
eounts (Nr) by the number of fatigue cycles to reach 
terminal crack length (Nt), an overall average of acoustic 
counts per cycle was obtained. Figure 23 shows the number of 
acoustic emission counts per cycle for specimens fatigue 
Pregracked at various Kimax and R=ratio values. The plots 
show that as expected, the number of acoustic emissions per 
cycle increased rapidly with the maximum stress intensity 
factor. This trend was originally observed by Lindley et al 
(1978) and is described in Eqn.26. The amount of emission 
waS inversely proportional to the R-ratio, which confirmed 
that for a constant Kfmax the reverse plastic zone size is 
larger at lower R-ratio resulting in a higher crack 
propagation rate. The rapid increase of acoustic emission 
ring down counts per cycle at higher Kfmax and lower R 
value, suggests that acoustic emission monitoring of fatigue 
precracking offers comparison of the extent of plastic 
deformation related to both monotonic and reverse plastic 
zone. This could later be related to any possible blunting 


of the fatigue crack. 
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Figure 24 b Typical load also total emission versus 
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6.2 Fracture Test 

The results of the fracture test are shown im Table 4, 
A typical curve of load vs clip-gauge displacement is shown 
in Fig.24. Linear regression was made on the linear part of 
the curve and the 5% offset line was then calculated. A 
eypical acoustic emission total counts cunve 1s also shown. 
The Tepid Frising Of total Gounts is related to the erack tip 
VYrelGing pros te crack inatiatvon. For the Kic test. sony 
Kq could be presented since the test did not meet the 
Specimen size requirement. The lower value of Kq (Kql) 
approached 70 ksiVYin (64 MPaYm) as indicated by the 
imaginary line in FidacS. aWith thus value of Kal, “the 
Specimen size required (a, B and W/2) needed to be greater 
Bhan Or equaleto 12. ox 70/112). 99-0297 inch (22-..8mm)ee Ena ais 
a factor of 1.94 times larger than the specimen size used in 
the test. The variation of Kq value with Kfmax and R-ratio 
1S Shown in, Fig.25. It can be Seen that for all R-ratio 
values, Kq increased with Kfmax, reaching a limit at a 
higher Kq value. Comparing these curves, Fig.25(d) shows 
that there was less effect of Kfmax on Kq at the higher 
R-ratio value. Therefore, for a constant Kfmax, Kq increased 
with AK. Furthermore, the fact that several specimens showed 
a Kq value as low as 60 ksiVYin when fatigue precracked with 
higher R might suggest that the production of a sharper 
fatigue precrack was more likely. Alternatively, these lower 
Kq values could have resulted from material inhomogeneity. 


The results contradicted the interpretation of the crack 
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elosure theory given by Towers in EBqns.20 and 21 and 
indicates that the crack closure phenomenon may be 
interpreted as causing a smaller reverse plastic zone size 
at a higher R-ratio. This is related to the effective AK 
which decreased with increased R-ratio. 

The material used in this experiment had an ultimate to 
yreld stress ratio of 1.22, At this value, the effect) cet 
cyclic softening should not have been present. The results 
however indicated that the Kq value increased with Kfmax, 
which implied a possible presence of cyclic softening 
effects. Separate tests to determine the cyclic softening or 
hardening were not conducted so this assumtion was not 
confirmed. 

For the COD test the fracture toughness was determined 
as COD maximum (6m). Evaluating the COD initiation (i) was 
not done as it required multiple specimens. Presenting 
toughness in terms of 6m in this study was intended to 
indicate the general trend for the the effect of Kfmax on 
COD. As shown in Fig.26, 6m increased with Kfmax for all 
R-ratios reaching an upper limit at higher 6m. The study on 
the effect of R-ratio on 6m was not strongly conclusive. The 
result indicated more scatter in 6m at higher R. The general 
trend of the curves are reproduced in Fig.26(d). However, it 
was observed that limiting R to less than 0.1 did not give 
any assurance that a sharper fatigue precrack could be 


produced than when higher R values were used. 
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Assuming that the lower limit value for Kq (Kgl) is 70 
ksivin, the limiting Kfmax value is Ovexr0 = 22 (Sivan (soe 
MPaYym) for the ASTM E-399 and 0.7x70 = 49 ksiyvin (44.5MPaym) 
Por the BS 544 /.cAsS.showneifeFig.25 (dd), both restrictions on 
Kfmax did not quite ensure evaluation of a lower Kq value. 
Kfmax less than 0.42xKq might be a more appropriate limit 
for the material used in this experiment. 

The limiting Kfmax value for the COD test is less than 
Or equal to 0.63 o,yB or Kimax = 53 ksiyvin (48.2 MPaym)- 
Frometig.2o(d) lt 16 evident. thatathe Kfimax restriction 
given by the COD standard failed to prevent over-estimation 
of the 6m value. A more appropriate Kfmax value would be 
aboUuteg0ekSiyin or 0.300.) BeaWwitn this Kimax value. tne 
monotonic plastic zone size iS approximately one eightieth 
of the specimen thickness; a factor of 0.6 smaller than the 


allowable plastic zone size given by the standard. 
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Table 4 Kq and CODm values obtained for different 
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7. Conclusions 

Experiments with fatigue precracking fracture specimens 
for different values of Kfmax and R-ratio showed, as 
expected, that crack propagation rate increased with Kfmax. 
EGree -COnStantykimaxavalue,; sthemcrackepropagation rate 
increased as R decreased. This result indicates that the 
requirement by the Kic and COD standards for R<0.1, 
maximizes the crack propagation rate. 

The fracture test results for the specimens precracked 
at differing Kfmax indicated that both Kq and 6m value 
increased with Kfmax until a limit was reached. The results 
indircatedethat; sin orderstcsevaluate rar lower Limiteror Ka 
value, the Kfmax should be restricted to be less than 
0.42Kq, considerably less than the standards allow. This 
demonstrates that for the material used in this 
investigats Onwatnemhimaxerestaretblconmgiveneby boOEn Kaic 
standards was not sufficiently stringent to avoid 
over-estimation of Kg value. Similarly, evaluation of lower 
6m values could only be obtained if the Kfmax value was less 
than 0238o0yy Bewhichalso indicated thatthe Kimax 
restriction given by wBSeo7,o2Zemay) beytoo highs 

For a fixed Ximaxs imiting Rs0.inresulbtssin a) bange 
stress intensity range and therefore a large reverse plastic 
Zone. eTnis) tyoemOhucrackstipeisma poon approximation (Co the 
ideal plane crack. The fracture test result indicated that 
for a constant Kfmax, Kq increased as R decreased. Although 


a lower R value increased the crack propagation rate, the 
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use of higher values of R-ratio could be permitted and may 
even be necessary in order to minimize the reverse plastic 
zone size. 

Results from this investigation illustrate that 6m was 
abbectedeby Kitaxs Indicating that “the productiom civa tsharp 
fatigue crack is necessary and justifies the Kfmax 
restriction. Experiments regarding the effect of R-ratio on 
6m showed that there was greater scatter of 6m when fatigue 
precracked at higher R. The overall results indicated 
insignificant difference in 5m when R=0.1 as compared to 
R>0O.1 was used. 

Assuming that the mechanism responsible for the 
increased Kq and 6m values is crack blunting due to the 
increase in both monotonic and reverse plastic zone size, 
the following conclusions can be made: 

1.The monotonic plastic zone size should be 
minimized by minimizing the Kfmax value. 

2.The reverse plastic zone size should be 
minimized by minimizing the AK value (ie:increased 
R-ratio when Kfmax is kept constant). 

3.Lower values of R-ratio can be used when crack 
initiation is slow and need not be maintained low 
when the crack is propagating. 

Acoustic emission monitoring during the fatigue 
precracking showed that the correlation of emission counts 
to propagating crack length was poor. Acoustic emission 


monitoring of the fatigue precracking of fracture specimens, 


to siaaz de aah NSN 

suelead qedw aie: to Tantens qateetp ta —— 

Usth2ibnt a7iveas Ifvveve ai? .* asdpit ga 

sy Nseaqeos 2e 02088 aeits 6 ‘R-dorsts7 IB 
baa nes 

ai¢ 299 StS ieiegde® on tretiaom et2 tarts, peteueen” 

ot! co sue Gabeiuid ¢sure ©) wouter at creer 

asia anos obitig-dwtecu, (ee steutense arenas af 

gh si ng) agbtat lates naa 

4 £{uode dude adhe airealgy sinivonee aftich <a 

at Fas aputs 6f> ccisiawni®> yo betininig 


a. 


at tuple “¢3e Aros viiralg eavees: shite 7 a 
Legepcantist) srtay ae at: gristusagar ys, Bosininis _ 
.Sydhades dqau-d! wend rea clseerdt oe 
Ys625 vate Tea 68. "soroita7-8 Io deulew vasai.& = 


“Ol Senfarrie ad ten Geen feo wir sr goeisaieink ; 
seni tecagesn a: Jodie. eds aeie 5 i a 

supiael aff paths qolsosidem codeeine oideuusk uted 

asuvq: boiaeine Ealanivalaries 6a dads, Gewnita . 
nileriws obitees@Jaceq? cae doped seas 
shamed gage et taas) $e onl gvacaesg-aneheed @bt Be) 


18 


however, Otfered a good Indication of the extent of plastic 
deformation due to monotonic or reverse loading at the crack 
suey 

ACOUStiC emission detection during the fracture test 
helped to indicate the inittation of the unstable crack 
Growth. The total’ emission prior’ to fracture. did not 
correlate well with the stress intensity factor value. This 
may have been due to differences in load ratios and maximum 


loads for different specimens during precracking. 
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APPENDIX 1 - Crack Propagation Measurement 


Fatigue crack propagation measurements can be very 
tedious and time consuming (optical method), expensive (use 
of crack gauges) or complex (ultrasonic, electrical 
potential, compliance). 

Compliance methods of crack measurement, however, can 
be simplified when used for fatigue precracking under 
constant mean load. The procedure is as follows; for the 
case of the three-point bend specimen, provided the applied 
load (P) is low (no generalised yielding at the specimen 
existed), there exists a relationship that relates the crack 
length and the clip gauge opening. A similar triangle can be 
established for two pairs of crack length vs clip gauge 


opening and expressed as 


Vor/Vom=— ia) otp (Waoomel ast pwd) sae, (A1) 


see Fig.1 for definition of terms. 


p(W-a) 


1 


Figure 1 SRelationstipsotecrack sengthitorclip-gauge 
displacement 
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Substituting a" =a + Aa 
Vol = Vigor BAVg 
p= iq 


Eq.Al can be written as 

Ba = AVG awe (q-1)at/Vg(q-1) (A2) 
Based on the experimental value of Robinson and Tetelman 
(1872) Re p-value of 1/12 1s used for small loads, this 


COLLeESpPOnd tog -1)= iin slheretore 


have sub Ava Vai oCwaal tau 11} (A3) 


a p P 
ov Cla sad 
i Linear part 
o) 

Ss of the curves 


Clip-gauge Displacement, Vg 
Figure II Load versus displacement curves for 


different crack Jength of three-point bend specime: 


The value of B was evaluated using specimens of different 


notch depth, simulating different crack lengths. As shown in 
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Fig.1I, the load versus clip gauge displacement of different 
crack length gives the necessary data to evaluate 8. The 


experiment yielded 6 = 1/3.5 , hence, Eqn.A2 is expressed as 
Aa = AVg{wt11a}/38.5Vg (A4) 


The practical implications of this equation are simple. When 
fatigue precracking a fracture specimen, the initial crack 
length a and the width W are known. The clip gauge 
displacement Vg is measured as the relative displacement 
between a condition of no load and at the applied mean load 
(Pmean). Provided the mean load is kept constant (which is 
normally done with most load control fatigue machines), the 
value of AVg determines Aa. Measurement of AVg is done by 
Subtracting the mean clip gauge displacements that 
correspond to crack length a' and a. The mean clip gauge 
displacement signal is obtained by low pass filtering the 
Cyclic clip gauge signal. 

Direct comparison of the above method with measurement 
by a crack gauge (see Fig.IV) is shown in Fig.III. Notice 
that disagreement occurs at the begining of the load cycle 
suggesting that the initiation has happened long before the 
crack gauge detected it. Later examination revealed that 
during the starting of the resonance type of fatigue 


machine, a stable mean load was not maintained. 
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Figure 111 


Measurement of crack length using 
Crack-cauge Th-09-CPA01-005/S5, Inter 
Technology Limited 
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Specimen A5 
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IV Comparison of crack length measurement 
using (a)crack gauge and (b)clip-gauge 
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APPENDIX 2 - Preloading of Specimen for Acoustic Emission 


Test 


Acoustic emission monitoring of a specimen requires an 
isolation or elimination of emission of noise from regions 
Other than the test section. In some cases this noise could 
not be eliminated by specimen design and required additional 
techniques. 

An elimination method that was used by Dunegan et al 
(1968) was preloading the unwanted region of the specimen. 
The preloading procedure was intended to use the Kaiser 
effect’ which would result in no emissions from the 
preloaded region during the actual test loading. This 


preloading was done in a fixture shown in Fig.V. 


Preloading force 


Figure V Preloading fixture (ref: Dunegan et al, 1968) 


4 The Kaiser effect is the absence of detectable acoustic 
emission at a fixed sensitivity level, until previously 
applied stress levels are exceeded (ref: ASTM E 610-82). 
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A photo-elastic study on the effectiveness of this 
preloading was done by Budney and Pettett (unpublished 
experiments) and is shown in Fig.VI. These photographs 
revealed that the stress pattern about the pin resulting 
from above preloading procedures did not resemble the stress 
pattern about the pin produced by the actual tension test. 


Thus such preloading did not effectively eliminate all the 


unwanted emission. 


(a) (b) (e) 


Figure VI Photo-elastic stress pattern of 
single-edge-notch fracture toughness specimen: 
(a)Preloaded as suggested by Dunegan et al, 1968. 
(b)Loaded in tension. (c)Overall view of the 


specimen loaded in tension 
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APPENDIX 3 - Data Acquisition 


Experiments investigating the effects of maximum 
fatigue stress intensity factor (Kfmax) and stress ratio (R) 
on the fracture toughness value required the following data 
to be recorded: 

a)Applied mean load. 

b)Applied dynamic load. 

c)Fatigue frequency. 

d)Propagating crack length. 

e)Number of cycles. 
In this study acoustic emission ring down counts was also 
monitored throughout the period of fatigue precracking. 
During fatigue precracking acoustic emission ring down 
counts often overloaded the counter. Hence, it was necessary 
to reset the acoustic emission device at fixed intervals. 

A data aquisition system was custom made for the above 
requirements resulting in a system illustrated in Fig.VII. 
The system included: 

A)For the load signal 

1)An amplifier for the load cell signal froma 
Vibrophore fatigue machine. 

2)A frequency to voltage converter. 

3)A peak detector which measured maximum applied 
Oa ci. 

4)A lowpass filter which measured mean applied 
load. 


5)A digital counter to count the number of fatigue 
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cycles. 


6)A divider counter which produced a reset Signal 


For any desired number of fatigue cycles. 


B)For the clip gauge signal. 

1)A clip gauge conditioner/amplifier (Vishay 
ZC 2 uve Ol). 

2)A lowpass filter to measure the mean clip gauge 
displacement. 


S)A voltmeter. 


1)A Dunegan/Endevco 3000 system. 


2)An oscilloscope. 


D) Mor sehne CcOomurol box. 

1)A digital multiplexer. 

2)An analoguesto digital converter. 

3)A central processing unit based on Motorola 


6809. 


E)For the recorder 

1)Tektronix 4923 digital cartridge tape recorder. 
The recorded data were transfered and processed with the 
University of Alberta MTS system (Michigan Terminal System) 


which uses an Amdahl 5960 computer. 
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Piezo-electric transducer 


Pre-amplifier 


Acoustic Emission 


Instrumentation 


Dunegan/Endevco 
3000 


Analogue output 


Sendo secany 


Oscilloscope 


at 


Reset signal 


To University of Alberta MTS System (Amdah} 5860) | 


23 


Clip gauge Load cel] 


(MTS model 632-02C-20) (from Vibrophore) 


Amplifier 


aa 
Low-pass filter 
a Digital counter 


| 
| Divide by N counter 
Low-pass Frequency to | 
‘ et 
filter Voltage Converter 


Rarer lancirie 
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Peak detector 
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Voltmeter 


triqaer 


Maximum load 


Sample 


Multiplexer (scanner ) 


Analog to Digital Converter 


CPU (Motorola 6809) 


Collected data (RS-232 Port) 
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Fektronic 4923 


a_____.. 


RS-232 us digital cartridge 


tape recorder 


Figure Vil Block diagram for data acquisition system 
for fatigue precracking of fracture specimens 
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